Aims: Metformin is renally excreted and has been associated with the development of lactic acidosis. Although current advice is to omit metformin during illnesses that may increase the risk of acute kidney injury (AKI), the evidence supporting this is lacking. We investigated the relationship between AKI, lactate concentrations and the risk of lactic acidosis in those exposed to metformin.
mitochondrial respiratory chain, thereby promoting anaerobic metabolism and lactate accumulation. 4 This condition has a mortality of up to 50% per episode, 5 and is believed to occur at a rate of about 1 per 23 000 to 30 000 person-years of metformin use. 6 Epidemiological studies have investigated the factors contributing to the development of lactic acidosis associated with metformin use. 3, [7] [8] [9] [10] As metformin is exclusively excreted renally, the emphasis of these studies has been the role of chronic kidney disease (CKD) in the development of lactic acidosis. 8, 9 Due to conflicting results there
is not yet a consensus on their interpretation, which has led to the suggestion that it may be appropriate to relax current metforminprescribing practices in those with chronic renal impairment. 6, 11 Nonetheless, the potential risk of metformin in severe renal disease has again been recently highlighted. 12 There is, however, limited evidence of a link between metformininduced lactic acidosis and alterations in metformin pharmacokinetics.
Case reports of acute metformin overdoses have shown that sudden increases in plasma metformin concentrations precede the development of lactic acidosis. 13, 14 Dehydration and acute kidney injury (AKI) have been cited as precipitating factors in the development of lactic acidosis in those established on stable metformin therapy. [15] [16] [17] [18] The current advice advocated by the UK Renal Association and NHS England, as part of the "Think Kidneys" initiative (http://www.
thinkkidneys.nhs.uk), and by a number of other guidelines, is that metformin should be omitted during illness that may predispose to AKI, such as diarrhoea and vomiting. 4 However, the evidence available concerning the impact of acute derangements in renal function upon the risk of precipitating metformin-associated lactic acidosis is limited to small case series and has not been the subject of any population-based epidemiological analysis. Consequently, we used a large population cohort, for whom biochemistry and prescribing data were available, to investigate the effect of AKI on plasma lactate concentrations and lactic acidosis in users and non-users of metformin.
In addition, AKI was stratified according to severity (stages 1-3) in order to better characterise any observed relationship.
| MATERIALS AND METHODS

| Study setting and design
A population-based case-control study of lactic acidosis was con- Participants with AKI were identified and stratified by severity according to the current "Kidney Disease: Improving Global Outcomes (KDIGO)" guidelines, which are based on serum creatinine. 19 The urine output criterion for the diagnosis of AKI was omitted. Stage 1 AKI was defined as a creatinine rise of ≥26.5 μmol/L within 48 hours or a creatinine 1.5 to 1.9 times the baseline reference value.
Stage 2 AKI was defined as 2.0 to 2.9 times increase in baseline creatinine. Stage 3 AKI was defined as ≥3.0 times baseline creatinine increase or increases of ≥354 μmol/L. Patients were coded as 1 to 3 based upon AKI staging, and 0 (AKI stage 0) in the absence of AKI.
In accordance with the UK Renal Association guidance, the reference creatinine was defined as the lowest creatinine value recorded within 3 months before the event or estimated from the nadir creatinine following AKI recovery. [20] [21] [22] Patients were also grouped into categories by baseline estimated glomerular filtration rate (eGFR) ranges GoDARTs population was used as the denominator for this measure.
Exposure was calculated from January 1, 1994 to the end of the study, the date of the first episode of lactic acidosis or the date of death. Data for each individual were censored following either of these events. During this observational period, patients encashing at least one metformin prescription were considered "metforminexposed." Fisher's exact test was used to calculate differences in incidence rates.
The primary outcome, lactic acidosis, was analysed using a mixed-effects logistic regression analysis. A mixed linear regression model was then fitted to assess the effect of selected covariates upon the continuous variable, lactate (mmol/L). Mixed-effects models are used for grouped or clustered data where observations within a
cluster cannot be assumed to be independent. These models include both fixed-effects, to estimate average outcomes across the population, and random-effects, that represent variation between the subgroups of data points. Random effects were included when the intraclass correlation coefficient ≥0.1. 23 Likelihood ratio testing was used to confirm the suitability of mixed-effects models compared with standard regression.
A backwards-stepwise method was used for model selection.
Covariate terms were excluded if they were found to be non- 3 | RESULTS
| Study cohort and participant characteristics
Lactate measurements were available for 1746 patients with Type 2 diabetes and 846 people without diabetes (Table 1) . One-hundred and fourteen individuals (10.1% of metformin users) had lactate levels recorded both during periods of metformin use and non-use. In this sub-cohort, mean lactate measurements were 2.14 mmol/L when not exposed to metformin and 2.67 mmol/L when exposed to this drug In this study cohort who had lactate measured, metformintreated patients compared with non-metformin-treated patients with Type 2 diabetes were younger (P < .001), with less overall AKI (P < .001) and less CKD (P < .001), and had lower subsequent deaths in the time after their first lactate measure [hazard ratio (HR) 0.51; P < .001; 95% CI 0.43-0.59]. These results suggest that metformintreated patients who had lactate measured had generally better health at the time of blood sampling compared with non-metformintreated patients, yet their serum lactate was increased (P < .001).
Overall, the median CRP ranged from 62 to 73 mmol/L, which suggests that lactate concentrations were measured during periods of acute illness and likely sepsis.
| Lactic acidosis patient characteristics
Eighty-two individuals who developed lactic acidosis were identified ( 19.5-30.1). Crude incidence rates were higher within the Type 2 diabetes cohort (37.9 per 100 000 patient years; 95% CI 30.0-48.0) compared with those without diabetes (7.8 per 100 000 patient years; 95% CI 4.4-13.7; P < .001). Within the Type 2 diabetes cohort, those exposed to metformin had an incidence of 45.7 per 100 000 patient years (95% CI 35.9-58.3) compared with 11.8 per 100 000 patient years in patients never exposed to metformin (95% CI 4.9-28.5, P < .001).
| Lactic acidosis mixed-effects logistic regression
A random intercept mixed logistic regression analysis was used to calculate the odds ratios (ORs) for the development of lactic acidosis ( 
| Sensitivity analysis
In a sensitivity analysis, lactic acidosis risk was assessed using a nonmixed-effects multivariate logistic regression model. This analysis yielded similar results to the mixed-effects model outlined in Table 3 .
In this sensitivity analysis, AKI (stage 1: OR 2.8; stage 2: OR 7.7; stage 3: OR 11.1; P = .005) and metformin use (OR 1.9; P = .002)
were associated with lactic acidosis; however, CKD stage 4/5 was not found to be statistically significant in this model. In a multivariate analysis (Table 4) The crude incidence rate for lactic acidosis of 45.7 per 100 000 patient years in those exposed to metformin during the study period is higher than those reported in recent studies, though similar rates do appear in the literature. Previous studies have relied upon the interpretation of General
| Plasma lactate concentrations
Practice "read codes" for the diagnosis of lactic acidosis, which may introduce problems with diagnostic misclassification. 8 Of the 82 cases that we biochemically identified, only 9 were found to have an ICD discharge code of acidosis, and 2 further patients had a cause of death coded as acidosis. The acidosis code includes "acidosis NOS," "lactic acidosis," "metabolic acidosis" and "respiratory acidosis." There were 111 patients with acidosis codes that were not identified as having lactic acidosis in our study. This suggests that ICD codes are neither sensitive nor specific for identifying cases of lactic acidosis.
We show that within the population assessed, the use of metformin increases plasma lactate concentrations by 0.34 mmol/L on average, which is consistent with a previous study on lactate concentrations in 1024 individuals with normal renal function. 26 In addition, we demonstrate that metformin is associated with an increased risk of lactic acidosis, with those prescribed metformin found to be more than twice as likely to receive a biochemical diagnosis of lactic acidosis as both individuals without diabetes and individuals receiving other treatments for diabetes. These results are independent of other clinical parameters including CKD and AKI. Our results also suggest that the effect of metformin may be independent of diabetes status. However, this conclusion is limited by the absence of metformin exposure in the non-diabetic cohort. Mean lactate concentrations with 95% confidence intervals (CI). Participants were separated into non-diabetic groups (left), and patients with Type 2 diabetes who were not prescribed metformin (centre) and those who were metformin users (right). Mean lactate concentrations were derived from the all lactate measurements made during the study period within each group high lactate concentrations and acidosis is likely driven by the nonmetformin users, and reflects an effect of chronic renal impairment per se rather than an interaction between metformin use and CKD.
There are a number of limitations to this study. Firstly, to be included in the source population a lactate measurement is required.
The decision to measure lactate is likely to be biased, with a lower threshold for lactate to be measured in those who are metformin treated. This is reflected by the fact that metformin-treated patients who have lactate measured are younger and have less co-morbidities than non-metformin-treated patients. However, despite this selection bias, we show increased elevation of serum lactate concentrations and lactic acidosis risk in these patients. These data could also reflect that as the elevation of lactate is in part mediated by the direct effect of metformin, these patients do not need to be so sick to reach the biochemical threshold defining lactic acidosis. Secondly, due to the mortality associated with lactic acidosis, we cannot rule out the presence of survival bias. However, the impact of this is likely small, and such an effect would have led to underestimation of disease effect sizes.
Thirdly, there were several potential confounders that could not be directly assessed, such as the nature of patient admissions, the use of intravenous contrast medium or the presence of contributing co-morbidities, such as hepatic or cardiovascular disease. Fourthly, identification of lactic acidosis was reliant upon using bicarbonate as a biochemical marker of acidosis rather than direct estimates of arterial pH. Serum bicarbonate has, however, has been validated as an alternative predictive marker to arterial base deficit. 29, 30 Finally, our available data did not allow direct assessment of metformin dose or plasma metformin concentrations, preventing the assessment of doseresponse and pharmacokinetic relationships, respectively. 31, 32 In this study, we utilise a population-based cohort with complete capture of all incident lactate and bicarbonate measures rather than relying on low sensitivity and specificity "read" or ICD codes.
We show that metformin use in patients with Type 2 diabetes increases plasma lactate concentrations and the risk of lactate acidosis, and that this association is particularly important in the context of AKI, and can be seen even in those with normal renal function. This study affirms and expands upon the available literature supporting this relationship, which until now has been limited to low levels of evidence. We believe that our results provide robust evidence to support the guidelines that patients should be aware of this potentially harmful side-effect of metformin, and instructed to temporarily stop taking metformin during illnesses associated with acute renal impairment.
